Introduction
Centrosomes are membrane-free organelles that serve as main microtubuleorganizing centres in distinct eukaryotic lineages. Through their ability to organize microtubules, they are involved in cell polarity and cell division, and play key roles in the development of most animal species [1, 2] . In animal cells, the centrosome is composed of two centrioles surrounded by the pericentriolar material (PCM). The PCM has a precise organization, which derives from the hierarchical recruitment of a small number of large coiled-coil proteins around the centrioles [3, 4] . The centrioles ensure the stability and the duplication of the centrosome, whereas the PCM anchors microtubule-nucleating complexes and cell cycle regulators. Centrosome duplication occurs by the assembly of two new centrioles in the immediate vicinity of the pre-existing centrioles, and a pair of centrioles is inherited by each daughter cell following mitosis. The timing of centrosome duplication may vary from one species to another, but it is always precisely coupled to cell cycle progression [5] [6] [7] [8] [9] .
The centrosome can also migrate to the cell periphery, where the older centriole, called the mother centriole, can dock at the plasma membrane and nucleate the assembly of a cilium. Most mammalian cell types assemble a primary cilium in G1 or G0, which is typically a non-motile cilium involved in sensory functions such as cell-cell signalling or flow sensing [10] [11] [12] [13] . Non-motile cilia are also critical for the function of sensory neurons in a range of animal species, including photoreceptors as well as olfactory, mechanosensory or chemosensory neurons [14] [15] [16] . In other cell types, the mother centriole can template the assembly of a motile cilium or flagellum, for instance, in the zebrafish kidney or in most sperm cells [17] [18] [19] . In this configuration, the mother centriole is functionally equivalent to the basal bodies that nucleate cilia or flagella in a range of unicellular eukaryotes. Centrioles and basal bodies are highly similar at the ultrastructural level, and indeed the key factors for centriole assembly are conserved in the genomes of all ciliated organisms [20] [21] [22] [23] [24] . This supports that centrioles and basal bodies are related and most probably derive from a centriolar structure present in the last common ancestor of all eukaryotes. The ancestral function of centrioles was likely to nucleate cilia, as evidenced by the co-distribution of centrioles and cilia across the eukaryotic tree [25] . Cilia are involved in locomotion through either beating or gliding motility, and in addition have sensory functions in diverse eukaryotes, suggesting an ancient association between motion and sensory perception [26, 27] .
In contrast to basal bodies, centrosomes are by definition central organelles. The term centrosome (etymologically, central body) is a generic term to design any isolable single-copy organelle having in common three basic properties: (i) to generally maintain itself at the cell centre due to its microtubulenucleating/anchoring activity, (ii) to duplicate once during the cell cycle and (iii) to be physically associated with the nucleus [26] . The fact that the centrosome and the basal body complex can interconvert in many types of animal cells suggests that the centrosome evolved by internalization of the basal body complex. At which point during evolution and in how many different lineages this happened is not clear, however.
Besides animals, organisms with life cycle stages where cilia are absent and internalized centrioles organize the microtubule cytoskeleton include brown algae and Amoebozoa such as Physarum polycephalum [28] . In addition, some lineages completely lost centrioles and cilia during evolution but assemble organelles that are functionally equivalent to animal centrosomes. These include higher fungi, Amoebozoa such as Dictyostelium discoideum, diatoms and probably Ichthyosporea. The centrosomes of higher fungi are called spindle pole bodies (SPB). In Saccharomyces cerevisiae, the SPB is a multilayered cylindrical organelle embedded within the nuclear envelope [29] . The outer layer connects cytoplasmic microtubules, whereas the inner layer organizes spindle microtubules during mitosis, which occurs without disruption of the nuclear envelope. During cell division, a new SPB is assembled on a structure attached to the old SPB called the half-bridge [30] . The centrosome in the fission yeast Schizosaccharomyces pombe has a less obvious internal structure than its budding yeast counterpart, and is embedded in the nuclear envelope only during mitosis. It duplicates through the formation of a halfbridge similar in its structure and molecular composition to S. cerevisiae half-bridge, however [31] . In Amoebozoa such as D. discoideum, the centrosome is called a nuclear-associated body (NAB). The NAB consists of a match-boxed shaped three-layered core surrounded by a corona of amorphous material. Microtubules are organized from the corona, which is thus regarded as equivalent to the PCM of animal centrosomes. Duplication of the NAB occurs in a very unusual way: early in mitosis, the central layer disappears, and the two outer layers peel apart and separate to organize the mitotic spindle. At the end of telophase, the layers fold in two and a central layer and a corona are reformed [32, 33] . In diatoms, the microtubule centre (MC) is closely associated with the interphase nucleus and the Golgi apparatus. The MC itself does not duplicate, but it is closely associated to a cubic laminar structure called the polar complex, which forms prior to mitosis and splits into two 'polar plates' that form the poles of the mitotic spindle [34] . Finally, Ichthyosporea (also called Mesomycetozoa) assemble spindle pole bodies reminiscent of the SPB of higher fungi [35, 36] . Ichthosporean SPBs are plaque-like structures apposed to the nuclear envelope in close proximity to the Golgi apparatus. By electron microscopy, interphase cells have a single SPB organizing cytoplasmic microtubules and cells preparing for mitosis have two SPBs, one at each end of the nucleus [35] . The SPB cycle has not been studied in these organisms however, and it is not known how duplication occurs.
Despite this great diversity of shape, acentriolar centrosomes in fungi and Dictyostelium share some components with animal centrosomes, which suggest a common evolutionary origin [37] [38] [39] [40] [41] . In this paper, we will explore the evolutionary history of centrosomes by comparing microtubule cytoskeleton ultrastructure and centrosome composition in different eukaryotic lineages in the light of recent phylogenetic studies. We will attempt to bring insights into whether these centrosomes derive from an ancestral centrosome or evolved independently from the flagellar apparatus of distinct unicellular ancestors. This is an important point as it can affect the way we understand the similarities and differences between widespread model organisms. Because ultrastructural and molecular data are otherwise limited, we will focus on the lineage comprising Dictyostelium, higher fungi and animals, called Amorphea. Finally, we will discuss the evolution of centrosome function in animals.
Phylogenetic relationships between species assembling centrosomes
In the past decade, important progress has been made towards deciphering the relationships between the main eukaryotic lineages. This is due to the increased use of phylogenomic analyses, which are based on large sets of genes or complete genome sequences, as well as increased taxon sampling. Major questions remain unanswered, in particular the position of the root of the eukaryotic tree. Nevertheless, the existence of five supergroups is now widely accepted (figure 1) [42, 43] . Among them, the most robustly predicted by phylogenetic analyses is the supergroup Opisthokonta, which comprises animals, fungi and the smaller groups Choanoflagellatea, Filasterea, Ichthyosporea and Nucleariida [44] [45] [46] [47] . Choanoflagellates, which are unicellular or colonial free-living uniflagellates, are considered the closest living relatives of animals [45, [47] [48] [49] [50] [51] . Filasterea comprise only two known species of filose amoebae completely lacking centrioles and cilia: the free-living marine protist Ministeria vibrans and Capsaspora owczarzaki, an endosymbiont of Biomphalaria glabrata, the intermediate snail host for intestinal schistosomiasis [46, [51] [52] [53] . Ichthyosporeans comprises unicellular species living in parasitic or commensal relationships with animals, mostly fish. Species in this group are typically round cells with a thick cell wall. When known, their life cycle involves the formation of a plasmodium that can lead to the production of flagellated or amoeboid zoospores, although most taxa lack any type of motility [35, 36] . Nucleariida, the sister group to fungi, contains filose amoebae that do not assemble centrioles or cilia and completely lack cytoplasmic microtubules [45, [54] [55] [56] .
There is a general consensus that the supergroup Amoebozoa is the sister group to Opisthokonta [42, 47, [57] [58] [59] . Amoebozoa constitute a large ensemble of amoebae and flagellates that includes Entamoeba histolytica, a pathogen responsible for amoebic dysentery, and slime moulds such as D. discoideum and P. polycephalum. Opisthokonts and Amoebozoa together are called unikonts or Amorphea. The first term reflects the hypothesis that these organisms derive from a monociliated ancestor [60] . Because this hypothesis is now considered unlikely, the term Amorphea, which relates to the fact that most cells in this group have no fixed shape unless constrained by an extracellular layer, was recently proposed instead [42] .
When one considers the distribution of known centrosomes across the tree of eukaryotes, these organelles occur most frequently within the amorphean lineage (figure 1). The animal centrosome, the SPBs of higher fungi and ichthyosporeans, and the NAB of dictyosteliids are found within Amorphea. Besides Amorphea, centrosomes are present in brown algae and diatoms, which both belong to a phylum called Stramenopiles, or Heterokonta [42] (figure 1). The centrosome of brown algae appears to share a similar structure with the animal centrosome, but very little is known about its molecular composition [28] . The composition of diatom polar complex and MC also remains unknown [34] . Stramenopiles belong to the SAR supergoup, which is called after the three main phyla that form it, i.e. Stramenopiles, Alveolates and Rhizaria [42] . The SAR subgroup contains a wide variety of forms, most of which have been little studied. The best-known members of this supergroup include alveolates such as ciliates and the causative agents of malaria and toxoplasmosis (Plasmodium falciparum and Toxoplasma gondii, respectively) or Phytophtora infestans, a stramenopile responsible for the late blight that caused the Irish potato famine. Because of the scarcity of information on brown algae and diatoms, and the uncertainties regarding the relative position of species within the SAR subgroup, it is difficult at this point to discuss the evolutionary origin of these centrosomes. We will thus focus on centrosome evolution within Amorphea in the rest of this paper.
Evolution of cytoskeleton architecture in Amorphea
Centrosomes are found in a variety of Amorphea, including the early-branching supergroup Amoebozoa, which suggests they could derive from a structure already present in a common ancestor of all Amorphea. By comparing cytoskeletal diversity within extant lineages, it is possible to infer ancestral traits and thus get a clearer picture of what the ancestral microtubule cytoskeleton was like. From such a model, it is then possible to make assumptions on how subsequent trait changes during the evolution shaped the cytoskeletons of modern species. The flagellar apparatus is usually well conserved between related species and comparing its ultrastructure has been widely used for solving phylogenetic relationships between species [61, 62] . Major changes in cytoskeleton architecture can nevertheless result from adaptation to different ecological niches, in particular with respect to motility and feeding modes. For instance, centrioles and cilia are entirely missing in Filasteria and Nucleariida, which use actin-based filopodia to crawl along a substrate (figure 1) [45, 51, 52, 55, 56, 63] . A possible scenario is that the last common ancestor of all Amorphea or even of all eukaryotes was capable of both flagellar and actin-based motility, and different lineages lost one or the other (or both) while adapting to their specific environment [26, 27, [64] [65] [66] . It is thus necessary when attempting to reconstitute the evolutionary history of the microtubule cytoskeleton to consider these aspects as well. In the next section, we will discuss the ultrastructure of the amorphean ancestor and 
(a) The amorphean ancestor
In flagellated eukaryotes, basal bodies are often associated with microtubule roots and fibres, which are typically distinct for the different basal bodies composing the flagellar apparatus. Basal bodies and corresponding flagella go through different maturation stages before adopting their final position at least one cell cycle later, a process called flagellar transformation. Comparing root architecture and flagellar transformation between major eukaryotic groups allows identification of broad patterns of cytoskeleton homology [61, 62] . These analyses support that the last common ancestor of Amorphea was a flagellate similar in its architecture to a modern group of protists called excavates, and that both lineages were overall unchanged relative to the last common ancestor of all eukaryotes (figure 1) [62, 66] . Typical excavates are surface-dwelling phagotrophic biflagellates that form a ventral feeding groove. The basic architecture of their flagellar apparatus consists of a posterior basal body associated with two main microtubule roots (called R1 and R2) and an anterior basal body anchoring a distinct set of roots (R3 and sometimes R4) (figure 2). The posterior basal body nucleates a flagellum that beats within the ventral groove to facilitate prey capture and the associated R1 and R2 roots reinforce the edges of the groove. The anterior basal body nucleates a second flagellum required for glidinglocomotion and the R3 root shapes the dorsal side of the cell. The number of microtubules within each microtubule root is specific and conserved within species. During flagellar transformation, the anterior basal body becomes a posterior basal body, and R3 (and R4 when present) are replaced by R1 and R2. This architecture is found across the eukaryotic tree, suggesting that all eukaryotes derived from a biflagellate ancestor assembling a complex, excavate-like flagellar apparatus. In particular, it is observed in two amorphean lineages, Amoebozoa and Apusozoa, suggesting that the last common ancestor of all Amorphea was itself an excavate-like flagellate (figure 1) [62, 66] . Partial or complete loss of the ancestral flagellar apparatus then occurred several times independently in eukaryotes [62] .
Was the amorphean ancestor also capable of amoeboid motility? The widespread distribution of amoeboid motility among eukaryotes suggests that it originated early in their evolutionary history [64, 66] . Switching between flagella-based swimming motility and actin-based gliding motility might be an ancient strategy for adapting to different environments. For instance, the excavate Naegleria gruberii can interconvert between a flagellate and an amoeba depending on whether it is placed in a liquid environment or associated with a solid substrate [64, [69] [70] [71] [72] . In Naegleria flagellates, the two centrioles anchor microtubule roots that contribute to cell morphology in association with a rigid cortex of actomyosin. In the amoeba, the entire microtubule cytoskeleton disassembles, including centrioles, and polymerizing actin is found in the cortex instead [72] . In Amorphea, interconversion between flagellates and amoebae occurs in Amoebozoa such as P. polycephalum and in sponge choanocytes (see §3b and 3d(iii)) [73, 74] . In contrast to Naegleria amoebae, centrioles (Amoebozoa) and even cilia (choanocytes) are maintained during amoeboid phases, suggesting that the microtubule cytoskeleton might participate in the regulation of actin-based motility as in mammalian cells [75] . The amorphean centrosomes might thus have originated in unicellular ancestors capable of alternating between flagellated and amoeboid phases. The ability to organize dynamic arrays of cytoplasmic microtubules could have represented a benefit for optimizing amoeboid motility in ancestor cells. The widespread distribution of actin-based motility in Amorphea supports that it is indeed an ancestral trait. In agreement, many of the genes involved in the formation of actin-based protrusions are conserved across Amorphea, although they are not necessarily involved in motility [52, 64] . For instance, many of the genes required for actin-based motility are conserved in choanoflagellates, which form filopodia for attachment to the substrate but not for motility [52] . It is also possible that formation of actinbased protrusions results from partially distinct mechanisms in Amoebozoa and in opisthokonts. Amoebozoa tend to form broad filopodia, called pseudopodia, whereas the ancestral opisthokont was probably forming slender filose protrusions [46] . In agreement, some key proteins for assembling filopodia in Metazoa are found in the genomes of Filasterea and [66 -68] ). The ancestral, excavate-like cytoskeleton seen in modern Myxogastria (for instance, P. polycephalum) and Apusuzoa is characterized by the presence of distinct sets of microtubule roots (R1, R2 and R3) associated with each basal body (B1 and B2), using the terminology introduced by Moestrup [61] . The ancestral microtubule roots are not conserved in chytrid zoospores and in choanoflagellates. In the most ancestral type of chytrids, a single bundle of microtubules emanates from one side of the old basal body (B1) and connects a large lipid granule. In choanoflagellates, microtubules radiate from a ring of electron-dense material encircling the old basal body (B1) Amoebozoa exhibit a variety of forms including amoebae, flagellates and sometimes more complex architectures such as fruiting bodies, multicellular slugs or multinucleated plasmodia. The excavate-like cytoskeleton architecture is still recognizable in modern flagellated species such as in the plasmodial slime mould P. polycephalum (Myxogastria) (figure 1) [62] . Physarum produces swarm cells that can interconvert between flagellates and amoebae [73] . The flagellates exhibit the R1 and R2 roots associated with the posterior basal body and the R3 root attached to the anterior basal body. In addition, the anterior basal body anchors a microtubule-organizing centre called the Mtoc1, which organizes an array of microtubules encircling the nucleus, called the flagellar cone [76] . Amoebae form a so-called proflagellar apparatus with the centrioles associated with reduced microtubule roots and the Mtoc1 [76, 77] . Instead of the nuclear cone of flagellates, the Mtoc1 in amoebae nucleates a radial array of microtubules that appears similar to the interphase cytoskeleton of Dictyostelium or animal cells [73] . During mitosis, which happens in Physarum amoebae but not in flagellates, the microtubule roots and the Mtoc1 disappear and spindle microtubules are organized from centriole pairs present at each pole [77] . Thus, the proflagellar apparatus of Physarum amoebae shares similarities with the animal centrosome, the Mtoc1 playing the role of the PCM during interphase. The Mtoc1 could be an ancestral feature in Amoebozoa because similar structures are seen in distantly related species within this group [66, 78] . The ancestor of all Amoebozoa possibly exhibited amoeboid stages resembling Physarum amoeboid swarm cells, in which the flagella were absent and the proflagellar apparatus, comprising a basal body complex and an Mtoc1-like structure, was acting as a centrosome. The NAB of dictyostelids would have derived secondarily from this ancestral proflagellar apparatus by retaining only a duplicating core and the microtubule-organizing activity of the Mtoc1.
(c) New relatives with ancient features: the Apusozoa Apusozoa represent a small but widespread phylum of surfacedwelling biflagellates [79] . Like typical excavates, they move by ciliary gliding using their anterior flagellum, whereas the posterior flagellum forms within a ventral groove and serves for feeding. Apusozoa are similar to typical excavates and flagellated Amoebozoa with respect to microtubule cytoskeleton ultrastructure [62, 80] . In addition, they form pseudopodia from their ventral surface, which are involved in prey capture but not motility [66] . Recent molecular phylogenies support that either the whole phylum, which comprises the genera Apusomonadida and Ancyromonadida, or Apusomonadida only, is the sister group to Opisthokonta, and hence that they branched off of the main amorphean lineage later than Amoebozoa [47, 53, 81] ( figure 1 ). This suggests that the last common ancestor of Apusozoa and opisthokonts was itself an excavate-like biflagellate, and hence that Amoebozoa and opisthokonts evolved from two different flagellated ancestors. This would support that the centrosomes of Amoebozoa and animals evolved independently from the flagellar apparatus of distinct excavate-like ancestors and thus result from convergent evolution [62] . Further analysis of this clade will tell whether there is ground for an alternative scenario whereby Apusozoa would have evolved from a more complex ancestor by losing amoeboid motility.
(d) Dramatic changes in cytoskeleton architecture and cell motility in opisthokonts
In contrast to Amoebozoa and Apusozoa, no modern opisthokont exhibits the ancestral excavate-like cytoskeleton, suggesting that major modifications in cytoskeleton architecture occurred early in this lineage. Opisthokont flagellates propel themselves with a single posterior flagellum, a property that gave its name to the clade (opisthokont derives from the Greek words for posterior (opistho) and pole (kont), which refers to the flagellum) [82] . The flagellar apparatus of opisthokonts consists of a mature centriole nucleating the flagellum and an immature centriole in its vicinity. Opisthokonts lack the ancestral microtubule roots possibly in relation to the loss of a ventral feeding groove, which is never observed in this group. Typically, opisthokonts form arrays of cytoplasmic microtubules that radiate either from a pericentriolar matrix, or from conspicuous appendages decorating the old centriole [62, 66] .
(i) Flagellated fungi
At the base of the opisthokont lineage, flagellated zoospores are found in early-branching fungi such as chytrids, blastocladiales and zygomycetes. The flagellum and the centrioles were lost at least four times independently during the evolution of fungi, and the SPB took up microtubule organization in higher fungi [83] . In its simplest form, the flagellar apparatus of the most basal fungi, the chytrids, consists of two centrioles and a single bundle of cytoplasmic microtubules (figure 2). This bundle radiates from a spur of electron-dense material on one side of the old centriole and connects the flagellar apparatus to a membranous structure (called rumposome) that lies at the surface of a large lipid globule [84, 85] . The microtubule cytoskeleton of chytrid zoospores thus appears little dynamic, much like in excavate-like cells but with a simpler architecture. Zoospores do not undergo mitosis, but instead encyst by losing the flagellum and forming a wall, which leads to the development of a zoosporangium. New zoospores form by repeated cycles of nuclear divisions followed by cellularization and flagellar assembly. In the developing sporangium of Rhizophydium spherotheca, a pair of centrioles is closely associated with each interphase nucleus in a position very comparable to the animal centrosome [86] . Cytoplasmic microtubules are nucleated from electron-dense material that coats the side of the centrioles. Prior to mitosis, two new centrioles form at right angles to the pre-existing centrioles and the two pairs of centrioles migrate apart. The nuclear envelope remains but spindle microtubules converge at the base of the oldest centriole within each pair through polar fenestrae [86] . Centrosomes in chytrid sporangia are thus highly reminiscent of animal centrosomes. Sporangia are not found outside fungi in the amorphean lineage however, which suggests that the common ancestor of fungi and animals was not forming these structures. Chytrid zoospores are highly amoeboid prior to encystment or following release from the sporangium [87] , which could suggest that the fungal ancestor and possibly also the opisthokont ancestor were capable of amoeboid motility. (ii) Animals' closest unicellular relatives: the choanoflagellates
The basic architecture of choanoflagellates is highly reminiscent of chytrid zoospores, with a single posterior flagellum that can serve for both motility and feeding [67, [88] [89] [90] . In addition, a collar of actin-based microvilli surrounds the base of the flagellum and helps capture bacterial preys. Like in chytrids, the flagellar base consists of a mature centriole nucleating the flagellum and an immature centriole in its immediate vicinity. Cytoplasmic microtubules are organized from a ring of electron-dense material surrounding the mature centriole and run laterally under the plasma membrane, likely to support the collar of microvilli [67] . The flagellum does not disassemble during mitosis and in certain species the flagellar apparatus is duplicated prior to mitosis [89] .
Choanoflagellates can form long actin-based protrusions resembling filopodia required for attachment to the substrate but only exhibit flagellar motility [52, 90] . The ultrastructure of choanoflagellates is also highly reminiscent of choanocytes, the feeding cells of sponges, which also assemble a collar of microvilli around the flagellum. Some colonial choanoflagellates even produce an extracellular matrix that resembles the gelatinous matrix present within sponges, the mesohyl. This led to the hypothesis, already formulated in the late 1800s by both James Clark and Haeckel, that animals evolved from a colonial choanoflagellate [66, 91, 92] . In support of it, molecular phylogenies have consistently found the choanoflagellates to be the sister group to Metazoa [45, 47, [49] [50] [51] and sponges are often considered the most basal animal taxon-although this is still highly debated [43, 93, 94] . The hypothesis that our unicellular ancestors were choanoflagellate-like seems hard to reconcile with the idea that the common ancestor was also capable of amoeboid motility. However, both Filasterea and animals exhibit actin-based motility, which suggests that their common ancestor was possibly undergoing amoeboid phases. In this scenario, choanoflagellates would have lost this trait secondarily, retaining filopodia only for attachment to the substrate [52, 90] . The hypothesis that choanoflagellates are derived from ancestors with a more complex life cycle is not new [95, 96] . Revisiting the synzoospore theory postulated by Zakhvatkin in 1949, Mikhailov et al. [96] proposed that Metazoa and choanoflagellates derived from an organism with a complex life cycle that included flagellated and amoeboid trophic cells. Choanoflagellates would correspond to forms with secondarily simplified life cycles, retaining only the flagellated trophic phase. In agreement with this idea, genes involved in integrin-mediated cell adhesion or in the regulation of tight junctions are found in the genomes of chytrids, Ichtyosporea and Filasterea but are absent from known choanoflagellate genomes [46, 65] . Such genes, which are associated with multicellularity in metazoans, could have been required for the complex genetic regulations underlying stage transitions in response to changing environmental conditions in the ancestor of opisthokonts [96] . The microtubule cytoskeleton in this ancestor would have been more variable that in living choanoflagellates, possibly involving amoeboid stages with a basal body complex acting as a centrosome.
(iii) Early Metazoa
Sponge choanocytes are thought to represent the evolutionary link between choanoflagellates and animals. Like choanoflagellates, choanocytes bear a single flagellum surrounded by a collar of microvilli, with a mature centriole nucleating the flagellum and an accessory centriole (figure 2).
Cytoplasmic microtubules are organized from an appendage called the basal foot that decorates the mature centriole, which is also seen in multiciliated cells in other animal lineages [97, 98] . In addition, the mature centriole anchors a prominent striated ciliary rootlet that connects the base of the flagellum to the accessory centriole and to the nucleus [97] . In certain circumstances, choanocytes can reorganize their cytoskeleton and switch to amoeboid motility. Following dissociation, they gradually lose their spherical shape and reorganize their actin cytoskeleton to form a lamellipodium, while the flagellum becomes immotile [74] . Remarkably, dissociated cells can then re-aggregate to reform an animal and choanocytes possibly revert to their original shape and function. In addition, choanocytes can trans-differentiate into archeocytes, which are amoeboid stem cells that actively migrate within the mesohyl [99] . Choanocytes are thus capable of switching between flagellated and amoeboid forms by reorganizing their actin and microtubule cytoskeletons. Unfortunately, there is little available data on the architecture and function of the microtubule cytoskeleton during amoeboid motility in choanocytes. Further studies on choanocyte transformations could provide important insight into centrosome evolution and the transition to multicellularity.
(iv) Evolution of centrosome structure in animals
Animal cells exhibit a variety of microtubule cytoskeleton architectures, but overall the structure of the centrosome itself is conserved. Unduplicated centrosomes are composed of two centrioles assembled from microtubule triplets in a ninefold arrangement, surrounded by the PCM. Centrioles within the centrosomes of Drosophila somatic cells and in Caenorhabidtis elegans cells are shorter and composed of nine microtubule doublets and singlets, respectively, instead of triplets. The ninefold symmetry is even lost in some insects, which can nevertheless nucleate the assembly of cilia [100] . There are also differences in the appendages that decorate the centrioles. In vertebrate centrosomes, two sets of ninefold symmetrical appendages decorate the mother centriole. The distal appendages are involved in docking the mother centriole at the plasma membrane prior to ciliogenesis [101, 102] . Ultrastructural data support that appendages similar to the distal appendages-often referred to as transition fibres-are present across eukaryotes, probably reflecting the ancient involvement of centrioles in ciliogenesis. In agreement with this, putative homologues of the distal appendage component Cep164 are encoded in the genomes of flagellated protists [102, 103] . By contrast, subdistal appendages are not documented outside vertebrates. At the mother centriole, subdistal appendages stably anchor a subpopulation of microtubules which participate in centrosome positioning during interphase [104] . Subdistal appendages are structurally similar to the basal foot that decorates centrioles in sponge choanocytes and in multiciliated cells from a variety of animal species, and indeed their assembly relies on at least one common component [101, 105, 106] . Like subdistal appendages, the basal foot anchors microtubules required for controlling the position of the centrioles within the plane of the membrane, which in turn determines ciliary beating orientation [105, 107, 108] . Unlike subdistal appendages, basal feet are observed in all basal metazoan lineages, suggesting that it is an ancestral trait associated with planar ciliary beating [109] [110] [111] [112] . Although subdistal appendages are clearly absent from Drosophila and C. elegans, it is nevertheless possible that less
Is the molecular composition of the centrosome conserved?
In the past decade, a cohort of centrosome components was identified and the role of these proteins characterized in model organisms. In particular, pioneering studies in C. elegans and Drosophila uncovered a set of structural components and regulators of centriole assembly, many of which are conserved across ciliated eukaryotes [9, 23, 24, 113, 114] . The ability to isolate centrosomes also allowed the identification of additional centrosome components by proteomic approaches in animals, budding yeast and Dictyostelium [115] [116] [117] [118] .
Most of the core components of the human centrosome have orthologues in the genome of the planarian Schmidtea mediterranea, which completely lacks centrosomes but forms centrioles de novo in ciliated cell types. Inactivation of a majority of these conserved genes affects centriole assembly or the function of cilia in planarian ciliated cells, supporting that they are indeed centriolar components [103] . Only a handful of centrosome components are missing from the planarian genome, most notably homologues for SPD-2/Cep192 and centrosomin (CNN)/CDK5RAP2 (Drosophila/human proteins), which are both major components of the PCM. SPD-2/ Cep192 proteins are recruited in the immediate vicinity of the centrioles and play a key role in organizing the PCM by recruiting CNN/CDK5RAP2 and microtubule-nucleating complexes [3, 4, 119] . Caenorhabidtis elegans and human SPD-2 homologues are also required for centriole duplication, but possibly indirectly through their ability to recruit PCM, as Drosophila SPD-2 is dispensable for centriole duplication [119] [120] [121] . Remarkably, an SPD-2 orthologue is encoded in the Dictyostelium genome and localizes to the corona that surrounds the NAB, which is functionally equivalent to the PCM [40] . In addition, SPD-2 homologues are found in the genomes of several chytrid species as well as in choanoflagellates, but not in other species, suggesting that the SPD-2 family of proteins originated in Amorphea [23] . Thus, although the phylogenetic position of Apusozoa suggests that Dictyostelium and animal centrosomes evolved independently from the flagellar apparatus of distinct excavate-like ancestors, they share a key centrosome protein. The presence of a SPD-2 orthologue in Dictyostelium even shows that the function of these proteins is not necessarily linked to the centriolar structure.
The apparition of SPD-2 in a common ancestor of all Amorphea might be a key event in centrosome evolution, as their functions appear so intimately linked. SPD-2 was then lost secondarily in certain Amorphea. For instance, the apusozoan Thecamonas trahens seems to lack an SPD-2 homologue, which could be due to the fact that Apusozoa exhibit an invariant, excavate-like cellular architecture that predates SPD-2. Higher fungi and the ichthyosporean Sphaeroforma arctica, which assemble SPBs, also lack an SPD-2 orthologue, however. In budding yeast, microtubule-nucleating complexes are anchored at the cytoplasmic and nuclear sides of the SPB by proteins called Spc72 and Spc110, respectively. Spc72 has no clear orthologue outside of saccharomycetes, but Spc110 shares homology with a PCM protein called pericentrin, which binds to the centrioles and recruits microtubule-nucleating complexes in animals [3, 4, 38, 122] .
By contrast, SPD-2 orthologues are found in the genomes of choanoflagellates, suggesting that these proteins can function in flagellates as well [23] . The architecture of the microtubule cytoskeleton in choanoflagellates is quite divergent compared with the ancestral excavate-like organization, and it is possible that SPD-2 is involved in organizing the radial array of cytoplasmic microtubules typical of choanoflagellates. Another possibility is that SPD-2 originally evolved to organize the poles of the mitotic spindle in Amorphea. In animals, SPD-2 family members are key to centrosome maturation, which leads to an increase in the microtubule-nucleation capacity of mitotic centrosomes required for centrosome-driven spindle assembly [121, 123, 124] . In chytrids and choanoflagellates, mitotic microtubules are nucleated in the immediate vicinity of the centrioles, which could involve SPD-2-dependent recruitment of microtubule-nucleating complexes. Further technical development of model systems such as the choanoflagellate Monosiga brevicollis and the chytrid Batrachochytrium dendrobatidis will hopefully help to address the role of SPD-2 proteins in our unicellular ancestors and clarify the evolutionary history of centrosomes in the amorphean lineage.
Evolution of centrosome function in animals
In addition to a role in coordinating actin-based motility through its microtubule-organization capacity, the centrosome was probably involved in additional morphogenetic mechanisms in the common ancestor of animals. In most animal species, the first centrosome brought in by the sperm during fertilization triggers zygotic divisions and establishment of embryonic polarity [2] . The astral microtubules that emanate from the mitotic centrosomes and contact the cell cortex are essential for spindle positioning and thus for the control of cell division orientation. Embryonic cleavage in most animal species involves highly stereotypical patterns of cell divisions in controlled orientation. This is true for all the most basal lineages (i.e. sponges, ctenophores and cnidarians), suggesting that it is an ancestral mechanism [111, 112, [125] [126] [127] . Besides Metazoa, a role for centrosomes and astral microtubules in controlling spindle orientation has been well demonstrated in budding yeast. In this species, proper alignment of the spindle relies on an asymmetry in microtubule-nucleation capacity between the duplicated SPBs, which itself is correlated to centrosome age [128, 129] . A similar mechanism was uncovered in animal stem cells, supporting that age asymmetry, which is inherent to the centrosome duplication cycle, is a key aspect of centrosome function [130] [131] [132] [133] [134] . This is not specific to the centrosome however, as age asymmetry between basal bodies, which underlies flagellar transformation in flagellated protists, is a key for maintaining cellular architecture through mitosis [135, 136] . This property is likely a key reason for maintaining a duplicating organelle such as the centrosome in higher fungi that lost centrioles and cilia during evolution.
Besides its role in cell division orientation, the centrosome takes part in a range of morphogenetic processes by controlling cell polarity, nuclear positioning and primary cilia assembly in vertebrates. Nevertheless, development of relatively complex body patterns can occur in the complete absence of centrosomes, for instance, in the planarian S. mediterranea (figure 1). Planarian proliferating cells do not assemble a centriole-based centrosome or any other type of centrosome [103] . Planarians derive from flatworm ancestors that assembled centrosomes, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130453 as early-branching flatworms such as Macrostomum lignano do have centrosomes (figure 1) [137] . What triggered centrosome loss in the planarian ancestor is not known, but one hypothesis is that it was linked to decreased requirement for cell division orientation. For instance, early-branching flatworms exhibit a highly stereotypical pattern of embryonic cleavage, called spiral cleavage, in which each cell progeny forms at a specific position. By contrast, planarians exhibit a highly modified embryonic cleavage, called blastomere anarchy that does not seem to involve cell divisions in controlled orientation [138] . In adult planarians, mitosis only occurs in a population of pluripotent stem cells called neoblasts which are present throughout the body in the vicinity of the gastrovascular cavity [139] . Tissue homeostasis occurs by integration within existing tissues of neoblast progenies that have migrated away from the neoblast division site. In this context, mechanisms controlling cell division orientation could have become superfluous, resulting in the complete disappearance of the centrosome in planarian ancestors. Complex morphogenetic events also occur in Drosophila mutants unable to form centrosomes, although the centrosome is essential for early embryogenesis and proper control of cell division orientation in this species [140, 141] . For instance, up to 30% of asymmetric divisions are abnormal in third instar larval brain cells of Drosophila Sas-4 mutants due to defects in spindle orientation [141] .
Thus, the requirement for a centrosome is reduced in certain animal species, and this appears to be correlated with differences in the spectrum of developmental mechanisms at play. Centrioles are essential for ciliary assembly, but the presence of a centrosome is not the only way of controlling the number of cilia. For instance, planarians precisely assemble two centrioles in their male gametes although they derive from precursor cells devoid of centrosomes. By contrast, intrinsic age asymmetry, which provides one way of generating cell progenies with distinct fates, appears to be a unique property of the centrosome in animals.
Concluding remarks
The functions of animal centrosomes are intimately linked to the coordination of developmental processes. However, most centrosome components, including key PCM proteins, predate the evolution of Metazoa. The presence in the Dictyostelium genome of an orthologue of SPD-2/Cep192, a key PCM protein in animal cells, suggests that the centrosome is an ancestral trait in Amorphea. The functional conservation between the centrosomes of Dictyostelium, higher fungi and animals is also in favour of a common evolutionary origin of these organelles. The centrosome in all these species is involved in organizing the microtubule cytoskeleton during interphase and mitosis, regulating cell cycle progression and positioning the nucleus and the mitotic spindle. The different centrosomes duplicate once per cell cycle and are closely associated with the nuclear envelope. However, plotting what we know about the structure and molecular composition of the different centrosomes against the current scenarios of eukaryote evolution leads to a somewhat unexpected result: the more parsimonious hypothesis at this point is that these centrosomes result from convergent evolution. The main argument in favour of this second scenario is the phylogenetic position of Apusozoa. These excavate-like flagellates are more closely related to opisthokonts than to Amebozoa such as Dictyostelium. This suggests that the common ancestor of opisthokonts and Apusozoa was itself an excavate-like flagellate, and that opisthokonts and Amoebozoa evolved independently from the flagellar apparatus of distinct ancestors. Some key centrosome properties derive from properties of the ancestral basal body complex, such as duplication once per cell cycle, connection to the nucleus and role in organizing cytoplasmic microtubules. It is thus plausible that these characteristics were retained independently during evolution of the different centrosomes.
On the other hand, loss of ancestral traits leading to simplification of an ancestral morphology is not uncommon. The frequent idea that apparently simple organisms represent intermediates in the progressive construction of more complex ones was challenged as early as 1943 by André Lwoff [96] and more recently by molecular phylogenies [43, 142, 143] . For instance, the metazoan species exhibiting the simplest structure, Trichoplax adherens, probably does not represent the most ancient animal lineage but rather evolved from a more complex ancestor by losing ancestral traits [43, 94] . Similarly, we now have a better picture of the ancestral eukaryotic cytoskeleton, and it turns out to be surprisingly complex. The last common ancestor of all eukaryotes was probably a biflagellate with a very elaborated microtubule cytoskeleton, an architecture that is still seen in many living species but was simplified in the evolution of many others [61, 62] . The difficulty when trying to reconstitute the evolution of cellular architectures is that, due to a limited fossil record, we can only guess from the observation of living species what the sequence of events was. These species are all derived to a certain extent compared to their ancestors, and they probably represent only a fraction of the ancient variety of forms. Hence, it is possible that species thought to represent intermediate forms in evolution, such as Apusozoa and choanoflagellates might actually have lost ancestral traits, in particular amoeboid motility [96] . In this scenario, the different amorphean lineages would have evolved from ancestors capable of alternating between flagellates and amoebae. The different centrosomes in the amorphean lineage could thus all derive from a central, duplicating microtubule organizing centre organized around a centriole pair as in Physarum amoebae. Future work will hopefully help to establish more robust phylogenies and yield functional data in a greater variety of species. This should bring a better understanding of centrosome evolution and the conservation of its functions in the different amorphean lineages.
